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Abstract:  
Catalytic combustion is a highly efficient and modern combustion technique. It incorporates noble metal catalysts to convert the 
fuel into the products of combustion and provide flameless heat. Flameless heat is appropriate to use in industrial hazardous 
areas. In this paper catalytic combustion of LPG is carried out with an intension of optimizing the combustion process 
considering residence time and quantity of excess air as parameters. The optimization was carried out for minimizing amount of 
unburned fuel. The exhaust gas was analysed using gas chromatograph. The experimentation was designed and optimized using 
Response Surface Methodology. 
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1. Introduction 
Developments in catalytic oxidation of gaseous fuel have generated considerable interest in exploring efficient 
alternatives for traditional combustion process [2]. The need of flameless heating system [4 8] for hazardous areas 
can be satisfied with development of catalytic heating system. Such systems are highly useful in Natural gas supply 
system [1]. The need of complete combustion for higher efficiency requires optimization of the system [3].  
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Optimization considers some variables which need to be used at their optimum values to maximize or minimize the 
objective function. For a catalytic heating system one of the objective functions is to minimize the unburned fuel [4]. 
Response surface method (RSM) is a statistical and mathematical technique used for modeling and optimization of 
process [14 15 16] in which a response of interest is influenced by several variables. The RSM has important 
application in the design, development and formulation of new products, as well as in the improvement of existing 
product design. It defines the effect of the independent variables on the process either individually or collectively. 
2.  Catalytic combustion of LPG 
Liquefied petroleum gas or liquid petroleum gas (LPG or LP gas), also referred to as simply propane or butane, and 
is a flammable mixture of hydrocarbon gases (propane and butane). Catalyst prepared by noble metals such as 
Platinum, Palladium or Rhodium can be used for flameless heating by combustion of LPG [13]. Palladium is used to 
make catalyst on different supports like alumina, Zirconia are used for methane combustion [5 9 10 11]. Palladium 
has good oxidation capabilities and converts hydrocarbons to carbon dioxide and water. Under controlled conditions 
a palladium based catalytic bed may be used for catalytic conversion of LPG into CO2 and water [13]. The 
exothermic reaction will result in heat generation depending on regulated fuel flow. The balanced reactions can be 
formulated as  
    3 8 2 2 27 35 21 28C H O CO H O      and     4 10 2 2 23 19.5 12 15C H O CO H O    
The above calculations are done considering 70-30 ratio of propane and butane in LPG. 
3. Catalytic heating system 
The experiment used LPG as fuel for combustion. A reactor setup was designed and Palladium based catalytic 
bed was prepared with glass wool used as support. The amount of catalyst required was carefully selected depending 
on the supported bed area. The glass wool bed was dipped in Palladium (II) acetylacetonate (99%) and benzene 
solution. It was subjected to a calcination process at 600 ° C for 3 hours [6].  The bed was placed on the reactor top. 
Suitable arrangement was made for air and fuel supply with varying quantities. 
The bed was initially heated to 150° C through an electric heating coil placed below the catalytic bed to 
activate the combustion capability of catalyst. A flow controlled air fuel mixture was passed through the bed. The 
bed temperature was measured with a K type thermocouple probe. A precision digital multimeter with temperature 
measuring capability was coupled with thermocouple probe to measure catalytic bed temperature. The fuel mixture 
flow was observed through a rotameter. 
 
 
 
             Fig. 1: Catalytic Bed from Benzene-Palladium solution 
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Fig. 2: Experimental setup of catalytic heating system 
4. Results and discussions 
The desired result from this experiment is flameless combustion of LPG and heat generation using catalytic bed. The 
increase in temperature of the catalytic bed above ambient temperature without any flame implies the LPG 
combustion on catalytic bed and exothermic conversion of supplied LPG to CO2 and H2O. 
       
 
Fig. 3. (a) Temperature profile of Glass wool supported catalyst;  (b) Flameless Combustion 
 
 
The flow rate of air fuel mixture was maintained constant at 100 ml/min. The temperature on the catalytic bed 
surface is measured to be 273 - 275 ºC, however the inner surface temperature is measured to be 320-350 ºC. The 
surface temperature profile is shown in Fig. 3(a). By increasing the fuel flow rate, the inner surface temperature of 
catalytic bed starts to increase beyond 450 ºC. By maximizing flow there comes a point of auto ignition at nearly 
470 ºC.  
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Fig. 4. (a) Temperature Profile of Alumina supported catalyst;  (b) Flameless Heating of alumina supported catalyst 
 
A readymade catalyst made of alumina coated with 0.3% palladium is obtained from Monarch Catalysts. The 
catalyst structure is of small balls with a diameter on 3 mm. The same is used as second catalyst for the experiment. 
The temperature profile with respect to flow of gas with similar conditions is given in Fig. 4(a). The surface 
temperature of the alumina based catalyst reached up to 350 o C with a minimum flow of 100 ml/min. Using 
Response surface methodology in MINITAB software a calculation of unburned fuel from exhaust gases with 
residence time was done. Centre composite design was adopted for doing experimental analysis. Excess flow and 
residence time were taken as independent variables. 
 
Table 1: Range of independent variables used in combustion 
Factor variable unit 
Range and level of actual and coded values 
-1 0 1 
A Residence time sec 0.5 1.55 2.6 
B Excess Flow Percentage 0 25 50 
 
The experiments and percentage of unburned propane and butane were calculated by help of Gas Chromatograph. 
Water column displacement method was used in collecting exhaust gas from the reactor. The results are shown in 
Table 2. 
Table 2: Actual design of experiments and response for unburned propane and butane (Glass-wool supported catalyst) 
 
Residence time (sec) Excess Flow (%) % Propane unburned % Butane unburned 
0.5 25 8.524 1.578 
0.5 0 22.857 3.944 
1.55 25 7.714 1.567 
2.6 0 19.143 3.667 
1.55 25 7.568 1.580 
2.6 50 0.000 0.000 
1.55 25 7.660 1.485 
1.55 50 0.000 0.000 
0.5 50 0.000 0.000 
1.55 25 7.685 1.520 
1.55 25 7.5 1.512 
2.6 25 5.714 1.333 
1.55 0 21.143 3.833 
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The mathematical relationship between the independent variables and their responses can be related in terms of un-
coded variables for glass-wool supported Catalyst and is given in equation (1) and (2). 
 
% Propane = 2 223.5751 1.086 0.7283 0.2689 0.0050 0.0354A B A B AB                                                           (1) 
% Butane = 2 23.97524 0.00718 0.11355 0.04232 0.00066 0.00265A B A B AB              (2)  
 
The contour plots of the results shown in Fig. 5(a) and Fig. 5(b) indicate the total combustion and amount of 
unburned fuel with different contour lines. 
 
 
Fig. 5. (a) Contour plot of % Propane unburned; (b) Contour plot of % Butane unburned 
 
Palladium catalyst with alumina support was tested with the same set of conditions and results of unburned propane 
and butane are shown in Table 3. 
Table 3. Actual design of experiments and response for unburned propane and butane 
Residence time (sec) Excess Flow (%) % Propane unburned % Butane unburned 
2.3 25 4.714 0.910 
1.4 50 0 0 
0.5 0 19.524 3.850 
2.3 50 0 0 
0.5 50 0 0 
2.3 0 17.143 3.260 
1.4 25 5.343 1.142 
0.5 25 6.524 1.311 
1.4 25 5.249 1.113 
1.4 25 5.419 1.126 
1.4 25 5.435 1.138 
1.4 0 18.571 3.718 
1.4 25 5.462 1.110 
 
 
The mathematical relationship between the independent variables and their responses can be related in terms of un-
coded variables for glass-wool supported Catalyst and is given in equation (3) and (4). 
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% Propane = 2 220.5399 1.6639 0.7038 0.0808 0.0060 0.0265A B A B AB                                                           (3) 
% Butane = 2 24.0201 0.19016 0.13763 0.05715 0.00112 0.00662A B A B AB                                                     (4) 
  
The contour plots of the results shown in Fig. 6(a) and Fig. 6(b) indicate the total combustion and amount of 
unburned fuel with different contour lines. 
 
 
Fig. 6. (a) Contour plot of % Propane unburned; (b) Contour plot of % Butane unburned 
 
 
5. Conclusion 
The conducted experiment confirmed the catalytic combustion on self-prepared Glass-wool supported palladium 
catalytic bed as well as Alumina supported palladium catalyst. The reaction remained flame less up to LPG self-
ignition temperature. The reaction was very fast and the surface temperature was observed to be 275 ºC and 375 ºC 
respectively for glass wool based and alumina based palladium catalytic bed respectively with a minimum flow rate 
of 100 ml /min. A catalytic heater can be made by considering alumina support based palladium catalyst and can be 
used efficiently by taking in account of the results obtained from the experimental setup made and with further 
investigations. The optimization result suggested an excess flow of 50% and a residence time of 2.6 seconds results 
no unburned fuel in exhaust gases for Glass-wool bed palladium catalyst and an excess flow of 50% and residence 
time of 2.3 seconds results no unburned fuel in case of Alumina supported palladium catalyst. However, a better 
catalytic base preparation method can be used and surface kinetics of the catalytic bed can be considered for further 
analysis to decrease the requirement of excess air supply. 
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